The crystal structure of uranyl nitrate hexahydrate has been determined by neutron diffraction. The structure is orthorhombic with a = 13.197 + 0.003, b = 8-035 + 0.002, c = 11.467 + 0-003 /~, space group Cmc21. Intensities of 1136 independent reflections with a 2-0< 105 ° were obt~ned with 2= 1"065 A.
Introduction
Uranyl nitrate hexahydrate was first studied by Pauling & Dickinson (1924) by X-ray diffraction. These authors found the unit ceil'to be orthorhombic, 13.15 × 8.02 x 11.42 A with four molecules per unit cell. They believed the space group to be Cmcm; however, Sasvdri (1957) reported a positive piezoelectric effect which suggested the crystal has the alternative non-centrosymmetric space group Cmc2x.
On the basis of the infrared spectrum, Gatehouse & Comyns (1958) suggested that the structure was [UO2(H20)612NO3, and Vdovenko, Stroganov, Sokolov & Zandin (1960) proposed such a model in Crnc21 from an X-ray diffraction study. On the other hand, Allpress & Hambly (1959) , also from the infrared spectrum, considered that there was covalent bonding of the nitrate groups. Fleming & Lynton (1960) , in a twodimensional X-ray study, proposed the structure [UO2(NO3)2(H20)2]. 4H20 but did not definitely locate the non-coordinated water molecules.
One of the authors (J.C.T.) collected neutron diffraction data for the axial projections, through the courtesy of Mr T. M. Sabine, A.A.E.C.R.E., Lucas Heights, Sydney, Australia. It was hoped that the structure could be solved with neutron diffraction since the uranium atom would not have the dominant scattering power which it has with X-rays. Attempts were made to refine the model of Fleming & Lynton using these data, but were unsuccessful as difference projections gave neither the missing atoms nor the errors in the X-ray model. This approach was therefore discontinued.
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The present investigation was undertaken with the Argonne three-circle neutron instrument (Mueller, Heaton & Sidhu, 1963) . This technique was selected since the resolution would be considerably better than from the two-dimensional data and the hydrogen atoms could be located simultaneously.
It was brought to our attention after our work had been completed and written for publication that a report of a two-dimensional neutron diffraction study of this compound by Makarov & Melik'yan (1962) had just appeared in Chemical Abstracts (September 14, 1964) . On the basis of (hkO) and (h0/) neutron data projections these authors accepted the coordinates for U, N and O proposed by Fleming & Lynton and from the negative areas on their maps they deduced a preliminary set of hydrogen coordinates. These coordinates were not in agreement with the ones we obtained in our three-dimensional study. Their results are discussed in the section on Hydrogen bonding and water molecules.
Experimental
Large single crystals weighing approximately 0.5 g were obtained from a slightly acidified aqueous solution. 20 values of 25 reflections (6 h00, 13 hkO and 6 00/) were obtained on the three-circle neutron instrument (2= 1.065 A) for use in the determination of the unit-cell dimensions. A least-squares program (Mueller & Heaton, 1961 ) gave the following values: a= 13.197 + 0.003, b = 8.035 + 0.002, c = 11.467 + 0.003 1~.
Intensity data collection was then commenced, each peak being step-scanned over 6-7 ° 20 in 0.1 ° steps. Time at each step was controlled by a monitor count with a total time of approximately 15 minutes for each reflection. After the intensities of some 200 reflections had been measured, the low ambient humidity caused the crystal to dehydrate; therefore, these measurements were discarded. A new crystal was then grown and shaped to a sphere (weight 540 mg) with a piece of damp filter paper. This crystal was enclosed in a thin-walled vanadium can and showed no loss of intensity, even six months later. After 852 reflections had been observed, a two-month reactor shutdown occurred. The data collection was continued, after the shutdown period, to include all reflections within a 20 of 105 ° , beyond which the intensities were becoming very weak. A total of 1136 independent reciprocal lattice points from the second crystal were examined with only 25 of these intensities unobservably small. The observed F 2 and F values were placed on a near absolute scale by a comparison with the intensities from a magnesium oxide crystal. Absorption corrections were applied to the observed intensities (/trneas= 1"7 cm -1,/zr=0"61).
A more detailed description of this investigation will be published in the Argonne National Laboratory report, ANL-6943, which may be obtained later upon request.
Structure analysis

Three-dimensional Patterson map
The analysis was commenced during the shutdown period with 852 reflections only. A three-dimensional Patterson map was calculated (Sly & Shoemaker, 1960) and the highest peaks as shown in Fig. 1 were concentrated in the section x=0, indicating that many of the atoms probably lie in the mirror planes (at x=0 and x=½). A large peak A (0, ¼, ½) ( Fig. 1 ) was consistent with the uranium atom position (0, t}, ¼), as found by Fleming & Lynton. Peak B, 1.77 A from the origin, was clearly the superposition of the two U-O vectors in the (linear) uranyl group, lying in the mirror plane. There were only two peaks in the Patterson map close enough to the origin to represent N-O distances in the nitrate groups -one in the zero level at C, 1.23 A from the origin, and one in the general location (0.082, 0.087, 0), 1.29A from the orgin. The nitrate groups were located with respect to the uranyl group by means of the vector D which was 2.95 A from the origin and at right angles to the uranyl vector; this was thought to be the superposition of the two U-N vectors. From the Patterson map a model for the UO2(NO3) 2 group was derived; the two nitrate groups were bidentate and bound to the uranium atom on opposite sides of the uranyl group (see Fig. 2 ). The Patterson map also suggested that two reflection-equivalent water oxygen atoms were coordinated to the uranium atom, completing an irregular hexagon of six oxygen atoms in the uranyl equatorial plane.
Buerger minimum functions of rank 2 and 3 were calculated (Penfold, 1960) using the U-O (uranyl), U-U and U-N vectors in Fig. 1 . Although the minimum functions were somewhat smeared-out in appearance they supported the model already derived. The coordinates deduced from the Patterson and minimum functions showed fair agreement with those of Fleming & Lynton (1960) . The biggest disagreement involved a shift, primarily along the y direction, of 0.48 A for the 0(2) nitrate oxygen atom and a 0.28 A shift of the 0(6) uranyl oxygen atom in the same direction. At this stage the positions of the remaining two water oxygen atoms and the hydrogen atoms were not obvious.
Three-dimensional Fourier maps
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In a further three-dimensional Fourier synthesis (88 reflections omitted) the six hydrogen atoms were located, and with the hydrogen atoms included (BH =3"5 A2), R dropped to 24.2yo.
Least-squares refinement
The Fourier coordinates were now refined by fullmatrix least squares (Busing, Martin & Levy, 1962) . The scattering factors used were: bv=0.85, bN=0.94, bo=0"577 and brr=-0"378 (x 10 -12 cm). The refinement was based on F. The z coordinate of the uranium atom was not refined as the choice of 'z' for the first atom in Cmc21 is arbitrary. The refinement was begun using only the data with l=2, 3 or 4 (268 reflections) and unit weights. Several 'isotropic' cycles with the partial data were followed with anisotropic refinement which led to an R of 7"5Yo with the complete data.
Statistical weights were now applied by the method of Evans (1961) , the function being
where T is the total count, n is the number of steps, b is the background height and a(F) is the standard deviation of the structure factor. The final R for this scheme was 3"9Uo, using all data except the 200 reflection which obviously suffered from extinction. During the course of this refinement use was made of Fo, Fc and difference maps for verifying the structure.
The coordinates and anisotropic temperature factors obtained with the statistical scheme are given in Table  2 and the corresponding bond lengths and angles in  Tables 3 and 4 as calculated with the program of Busing, . The standard errors include the effects of cell dimension errors; however, (6) 1.749 (7) Other
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Water molecule angles H(1)-O(7)-H(2) 106.9 (5) 
Uranyl coordination
The configuration about the uranium atom is shown in Fig. 2 . The uranyl group is perpendicular to the paper, and is surrounded equatorially by an irregular hexagon of six oxygen atoms, four from the two crystallographically non-equivalent nitrate groups and two from symmetry related water oxygen atoms 0(7).
The uranyl distances are not quite equivalent. The distance U-O(5) is 1.770+0.007 A, while U-O(6) is 1-749 + 0.007 A. These distances may be compared with the distance of 1.78 A found in the linear, symmetrical uranyl group in rubidium uranyl nitrate (Barclay, Sabine & Taylor, 1965) . The uranyl angle of 179.1 + 0.5 ° is nearly linear. This hexagonal arrangement of oxygen atoms about the uranyl group is very similar to the arrangements found in rubidium uranyl nitrate, a neutron diffraction study (Barclay, Sabine & Taylor) and in sodium uranyl acetate, an X-ray diffraction study (Zachariasen & Plettinger, 1959) .
Nitrate groups
The dimensions of the nitrate groups are also shown in Fig. 2 . It is noticed that in each nitrate group the N-O bonds are not equivalent; the N-O bonds involving coordinated oxygen atoms are 0.06 and 0.03 /~ longer than those involving the non-coordinated oxygen atoms. The bond angles in the nitrate groups are also distorted from the ideal value of 120 ° by the coordination with uranium. Similar differences in the bond lengths and angles were also observed in the nitrate group in rubidium uranyl nitrate. The N-O distances may be compared with the distance of 1.218 A found by Sass, Vidale & Donohue (1957) in sodium nitrate and the distance of 1.268/k found by Hamilton (1957) in lead nitrate.
Least-squares planes
As mentioned above, the uranium atom, the nitrate groups and the 0(7) water oxygen atoms are approximately coplanar. In order to determine the deviations from the ideal planar arrangement, least-squares planes were calculated (Schomaker, Waser, Marsh & Berg- man, 1959) using a computer program (Norment, 1963) . The equations of the least-squares planes and the deviations of the atoms are shown in Table 5 .
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The (NO3)I and (NO3)II nitrate groups are very close to planar. The oxygen hexagon is slightly puckered around the uranium level as the O(3), O(3'), 0(4) and 0(4') nitrate oxygen atoms have significant positive deviations (+ 0.05/~) while the 0(7) and 0(7') water oxygen atoms have significant negative deviations (-0.10 •). The uranium atom deviation from the hexagon plane is slightly negative (-0.01/~) but probably not significant; the uranium atom was not included in the calculation of this plane. The nitrate groups lie nearly in the plane of the hexagon, the dihedral angles between (N03)I and (N03)zz and the hexagon plane being 5.35 ° and 1.28 ° respectively.
The equatorial system appears to be bent about the 0(7)-0(7') line. The plane formed by (NO3)I, O(7), 0(7') and U lies at an angle of 6.37 ° to the plane formed by (NO3)II, O(7), O(7') and U. The nitrate group planes intersect at an angle of 6.63 ° to each other indicating that these planes and the respective halves of the bent system are nearly coplanar. The sixth plane shown in Table 5 was calculated for all the atoms in the equator of the uranyl group. The larger deviations shown are a result of the bending mentioned above.
Thermal parameters
The r.m.s, radial thermal displacements are shown in Table 6 . These vary according to the type of atom the uranium atom has the smallest value, with the two nitrogen atoms next, followed by the oxygens and finally the hydrogens having the greatest displacements. The atoms H(1) and H(2) which are attached through their O(7)'s to the oxygen hexagon, have the smallest values of the hydrogens. The r.m.s, values were also consistent with peak heights in the Fourier syntheses.
The r.m.s, components along the principal axes of the vibration ellipsoids are also shown in Table 6 . The direction cosines of the principal axes are given in Table 6 . R.M.S. radial thermal displacements and the components along the principal axes R~ of the vibration ellipsoids 0"310(4) 0"153(6) 0"181(5) 0"199(5) 0(1) 0'370(6) 0'162(10) 0'235(7) 0"235(9) 0(2) 0"349(7) 0"156(10) 0"206(8) 0'235(9) 0(3) 0"343(4) 0"163(6) 0"171(6) 0"249(6) 0(4) 0"351(4) 0"164(6) 0-177(6) 0"255(6) 0(5) 0'365(7) 0"137(10) 0"204(9) 0"269(9) O (6) 0" 354(7) 0" 138(10) 0"210(9) 0"249 (8) 0(7) 0"388(4) 0"155(7) 0"194(6) 0"299(6) 0(8) 0"387(5) 0"190(7) 0-211(7) 0"262(7) 0(9) 0"401 (5) 0-186(7) 0"224(7) 0"276 (8) Table 7 . Table 8 lists the r.m.s, displacements along the bond directions and it may be noted, that the magnitudes are nearly the same as the displacements along the shortest principal axes, indicating that the maximum vibration directions are more or less perpendicular to the bonds. 
Hydrogen bonding and water molecules
The uranyl coordination group is tied into the structure by means of the shorter hydrogen bonds O(7)-H(1)... 0(9) and O(7)-H(2)...0(8) and the longer hydrogen bonds O(1). • • H(5)-O(9) and 0(2) • • • H(3)-O(8), the latter bonds involving the nitrate oxygen atoms (Fig. 3) . The water molecules form an infinite sheet which is held together by hydrogen bonds as shown in Fig. 4 ; the 'up' and 'down' weaker hydrogen bonds with the nitrate oxygens are also shown in this figure.
The H(1)-O(7)-H(2) water molecule forms two hydrogen bonds with the 0(8) and 0(9) water oxygen Table 4 for a listing of the O-O-O angles). The H(1)-O(7)-H(2) water molecule has a lower thermal displacement than either of the other two water molecules. The distances and angles in the water molecules and hydrogen bonds are shown in Tables 3 and 4 . The thermal corrections to the apparent O-H distances are large; when corrected for 'riding' motion , the O-H distances lie between 0.92 and 1.02/~. The water angles are 106.9, 106.8 and 114.6 °. (Baur, 1964) and Li2SO4. H20-two bonds bent by 30 ° (Smith, Peterson & Levy, 1961) . The distances between the hydrogen positions of Makarov & Melik'yan (1962) and the nearest hydrogen atoms as found by us are given in Table 9 . These distances are very large, indicating a lack of correlation between the two sets of hydrogen atoms. Makarov & Melik'yan did not state which of the alternative water oxygen locations suggested by Fleming & Lynton they used; however we deduced these by calculation of O-H distances. We found on comparison with our coordinates that two of the three water oxygen positions they assumed were incorrect, and thus it was not surprising that their hydrogen positions were different. More details of the comparison of the hydrogen positions are given in ANL-6943, mentioned above.
The inelastic neutron scattering experiments of Rush o (1964) on uranyl nitrate gave a broad peak, due to the torsional oscillation of the water molecules, centered at about 450 wave numbers. The width of this peak, combined with an indication of splitting, suggested several different water molecule environments. The comparatively low frequency indicates that the hydrogen bonding is relatively weak.
(Okl) Fourier synthesis
Although two-dimensional projections were not used in the solution of the crystal structure it was thought worthwhile to calculate such a projection after completing the determination. The result is shown in Fig. 5 as an (Ok/) Fourier synthesis which has some overlap but well illustrates the structure. Since this is a view in the plane of the oxygen hexagon, one can see a number of structural features such as: the relative orientation of the oxygen hexagon and uranyl group within the unit cell; the slight twist of the nitrate group planes, the relative positions of the hydrogens; and the twist of H(1) and H(2), attached to the O(7)'s of the hexagon, out of the plane of the hexagon. 
